In this study, we adopted a model of tenderness classification in order to determine the factors affecting the tenderness and tenderization characteristics of beef longissimus, using cluster analysis on the basis of Warner-Bratzler shear force and myofibril fragmentation index, at 1, 7, and 14 d. The rate of tenderization was effectively differentiated by pH, R-values, -calpain activity, and calpastatin activity. Differences among tenderness classes were generally detected at 3 and 9 h postmortem for metabolic rate, and at 9 and 24 h for the activities of -calpain and calpastatin. Early postmortem metabolic rate and calpain system activities were verified as important factors with regard to longissimus tenderization.
Meat tenderness is one of the most important factors to consumers, and a segment of consumers have reported in surveys to be willing to pay a premium for beef that is guaranteed to be tender. 1, 2) Great effort has been expended in order to elucidate the factors underlying meat tenderness and the mechanisms inherent to the tenderization process.
3) However, the conversion of muscle to meat is a complex process, in which many physiological factors play roles. Thus inconsistent results have been obtained, even in well-controlled experimental conditions.
The early postmortem (PM) metabolic rate has been extensively researched, and is considered to be a reliable predictive factor with regard to beef tenderness. Electrical stimulation (ES), or ES coupled with cooling rates, has frequently been applied in order to manipulate the glycolytic rate. [4] [5] [6] Marsh et al. 4) suggested that the pH at 3 h PM might also be predictive of tenderness. In their study, the highest degree of tenderness was achieved in cases in which glycolysis proceeded at an intermediate rate (pH about 6.1 at 3 h PM). The toughening effects associated with rapid glycolysis resulted in lower tenderness at 3 h PM. But, Shackelford et al. 7) controlled the pH decline of samples and classified them into three groups (<6:0, 6.0-6.4, >6:4) on the basis of pH at 3 h PM, and instead concluded that muscle pH at 3 h PM did not constitute an accurate indicator of beef tenderness. In the majority of previous studies, changes occurring in the early PM stage were used as criteria for the separation of samples into groups based on glycolytic rate, after which the effects of treatments on beef tenderness were determined. But, there has been no report on the validity of tenderness classifications dealing with the physical properties and biochemical aspects of beef longissimus. It might be more useful to characterize in detail the changes occurring in glycolysis and calpain/calpastatin activity during the PM period by tenderness classifications. Moreover, shear force values, when used as a measurement of tenderness, evidenced significant variation both within and among institutions, due to differences in study protocols, variations in the instruments employed, etc.
8)
In order to delineate tenderness groupings more efficiently, we employed a model of cluster analysis, 9) and the tenderness groups were differentiated via cluster analysis. The objective of this study was to determine the validity of tenderness classifications using cluster analysis on the basis of Warner-Bratzler shear force and the myofibril fragmentation index at 1, 7, or 14 d, and to attempt to identify the factors that significantly affect the tenderization characteristics of the longissimus muscle.
Materials and Methods
Animals. Eighteen bulls (24 mo) of Korean native cattle (Hanwoo) were randomly assigned to two groups. All cattle were humanely slaughtered, and were processed at a commercial packing plant. In order to induce variations in the metabolic rates and calpain system activities, we applied low voltage ES coupled with temperature conditioning. Nine of the bulls received electrical stimulation (50 V, 60 Hz, 20 s, impulse duration of 200 ms) immediately after bleeding (within 3 min of death), whereas the other nine remained unstimulated.
The Longissimus thoracis et lumborum was removed from the right sides of the carcasses within 30 min of exsanguination, and cut into three parts. These pieces, in both the ES and non-ES groups, were then assigned in equal numbers to one of three temperature conditioning regimens, and were temperature-conditioned for 3 h PM at 2, 16, and 30 C respectively. After this conditioning, the samples were stored at 2 C. The pH (290A, Orion Research, Boston, MA) of the samples were measured at lateral, central, and medial locations (2.5 cm inside) using a spear-type electrode at 1, 3, 9, and 24 h PM, and temperatures were measured at the geometric center of the muscle at 1, 3, 9, and 24 h PM.
Sample preparation. Samples from each of the temperature conditioning groups were then removed in order to assess the R-values, glycogen content, calpastatin activity, and -and m-calpain activity. All of these samples were stored in liquid nitrogen until analysis. Specifically, a 1.5-cm-thick slice was cut from the costal end of each sample at 1 h PM, and then from the caudal end at 3 h PM. Additional slices were removed from the costal and caudal ends at 9 and 24 h PM. At 24 h PM, three pairs of steaks (2.54 cm and 1 cm thick) were also removed from the caudal ends of the remaining longissimus samples. These pairs were then randomly subjected to immediate analysis or to vacuum packaging, followed by storage at 2 C for 7 or 14 d. Within each of the pairs, the 1-cm and 2.54-cm steaks were evaluated with regard to myofibril fragmentation index (MFI) and Warner-Bratzler shear force respectively.
Metabolic rate and calpain/calpastatin activity. Rvalues (R 248 , R 250 , and R 258 ), glycogen content, and calpain system activities were measured at 1, 3, 9, and 24 h PM, in accordance with the method described by Rhee and Kim. 10) Samples for R-values were placed in 6% perchloric acid and homogenized (Ace Homogenizer AM-8, Nissei, Kyoto) at 5,000 rpm for 90 s and centrifuged (Centrikon T-124, Kontron Instruments, Zurich) at 3;000 Â g for 10 min at 2 C. R 248 , R 250 , and R 258 were defined as the following ratios: A248/ A260, A250/A260, and A258/A250, respectively. The absorbances were measured using a calibrated spectrophotometer (Du-64, Beckman Instruments, San Ramon, CA).
-and m-calpain and calpastatin were extracted from the samples according to the procedure of Koohmaraie, 11) with slight modifications. The powdered samples in 3 volumes (w/v) of extraction buffer (50 mM Tris-HCl, pH 7.8, 10 mM EDTA, 10 mM 2-mercaptoethanol) were homogenized twice for 30 s at low and high speed with a 30 s interval. After homogenization, the homogenate was centrifuged 15;000 Â g for 40 min at 2 C, and the supernatant was filtered through four layers of cheese cloth and glass wool. The pH of the filtered supernatant was adjusted to pH 7.5 using 0.1 N NaOH. After clarification, the samples were dialyzed against 4 volumes of equilibrating buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10 mM 2-mercaptoethanol) for 20 h and ultra-centrifuged at 105;000 Â g for 1 h at 2 C. The extracts were applied to a DEAE-sephacel column (ionexchange column chromatography, 2:5 Â 25 cm, flow rate 24 ml/h) and washed with 5 column volumes of equilibrating buffer to remove unbound proteins. The bound proteins were eluted with a continuous gradient buffer (NaCl gradient from 0 to 400 mM, 350 ml of each in equilibrating buffer).
The activities of -and m-calpain were assayed in accordance with the method described by Koohmaraie, 11) and were expressed as the level of calpain caseinolytic activity per gram of muscle. Fractions were incubated with assay media I (100 mM Tris, 5 mM CaCl 2 , 1 mM NaN 3 , 5 mg/ml casein, 10 mM 2-mercaptoethanol, pH 7.5) and assay media II (100 mM Tris, 10 mM EDTA, 1 mM NaN 3 , 5 mg/ml casein, 10 mM 2-mercaptoethanol, pH 7.5) for 60 min at 25 C. After incubation, the reaction was stopped by the addition of an equal volume of 5% trichloroacetic acid. The resulting were centrifuged at 2;000 Â g for 30 min, and the absorbances at 278 nm were measured. One unit of -and m-calpain activity was defined as the amount of enzyme that catalyzed an increase of 1.0 absorbance units at 278 nm. Calpastatin activity was determined in accordance with the procedure of Homma et al. 12) For the standard, with the inhibitor fraction was replaced by an equal volume of elution buffer. The reaction was stopped addition of an equal volume of 5% trichloroacetic acid. Inhibitor activity was calculated by the formula A (standard) À A (sample)=A (standard) Â 100.
Warner-Bratzler shear force. The steaks were placed in polyethylene bags and cooked in a 75 C water bath until an internal temperature of 70 C was achieved. A needle thermocouple was inserted into the geometric center of each of the steaks, and the rise in cooking temperature was monitored using a hand-held thermometer. The cooked samples were then chilled for 40 min in running tap water. The initial temperature and cooking loss of the steaks were also recorded. Six cores (1.27 cm diameter) were removed parallel to the orientation of the muscle fiber. Each of the cores was sheared once through the center using a Universal Testing Machine (1011, Instron, Canton, MA) equipped with a WarnerBratzler shearing device (100 mm/min crosshead speed).
Myofibril fragmentation indices. The MFIs were determined in accordance with the procedures of Culler et al., 13) with slight modifications. Four-gram minced muscle samples were homogenized (Ace Homogenizer AM-8, Nissei, Tokyo) at 10,000 rpm for 30 s in 10 volumes (v/w) of 2 C isolating medium (100 mM KCl, 20 mM K-phosphate, 1 mM EDTA, 1 mM MgCl 2 , 1 mM NaN 3 , pH 7.0). The homogenates were then centrifuged for 15 min at 1;000 Â g (2 C), and the pellets were resuspended in 10 volumes (v/w) of isolating medium, with a stir rod. The centrifugation step was repeated, the pellets were resuspended in 2.5 volumes (v/w) of isolating medium, and the suspensions were filtered through a polyethylene strainer in order to remove any remaining connective tissue or debris. The strainer was then rinsed with an additional 2.5 volumes of isolating medium, and the protein concentration of the final suspension was determined by the Biuret method.
14) The myofibril suspension was diluted with isolating medium to a protein concentration of 0:5 AE 0:05 mg/ml, and the determination step was immediately repeated. The absorbances of the diluted myofibril suspensions were measured at a wavelength of 540 nm (Du-64, Beckman Institute, San Ramon, CA). Each absorbance was multiplied by 200 in order to obtain the MFI values.
Statistical analysis. Cluster analyses 9) were conducted in order to generate the tenderness classifications, using the FASTCLUS procedure in the SAS software package. 15) Each observation of MFI and Warner-Bratzler shear force at 1, 7, or 14 d PM was classified into one of three clusters (tender, intermediate, or tough). After classification, each of the data sets, which included pH, muscle temperature, glycogen content, R-values, -and m-calpain activities, and calpastatin activity at 1, 3, 9, and 24 h PM, were obtained. The three groups were analyzed by ANOVA, in order to determine the effectiveness of the tenderness classifications and the mean separation among the groups. Duncan's multiple range test was used to detect significant difference (P < 0:05).
Results and Discussion

1-D tenderness classifications
The simple statistics of the cluster analyses used for our tenderness classifications are shown in Table 1 . We detected a high degree of correlation (r ¼ À0:72, P < 0:01) between shear force and MFI, but the sample distributions determined by the cluster analyses were not consistent between shear force and MFI. In the 1-d tenderness classifications (Tables 2 and 3) , differences among groups with regard to metabolic rates were generally detected in the early PM period, and at 9 and 24 h for -calpain and calpastatin activity. When Warner-Bratzler shear force was evaluated at 1 d PM (R 2 ¼ 0:88, Table 2 ), the energy source breakdown was markedly slow in the tough group at 1 h PM (P < 0:05). Faster pH decline (P < 0:05) was detected in the tender group at 3 h, but we noted no significant differences in pH among the groups with continued PM storage. With regard to calpain system activities, the tough group exhibited the highest degree of calpastatin activity at 9 h PM (P < 0:05), and the tender group exhibited lowercalpain activity at 24 h PM than did the intermediate group.
In the tenderness classifications according to MFI at 1 d PM (R 2 ¼ 0:80, Table 3 ), we detected no clear differences between the tender and intermediate groups.
The tough class exhibited the least rapid metabolic rate in R 258 at 3 h PM, and the highest calpain system activity at 9 h PM. The results of our 1-d tenderness classifica- tions indicated that early PM metabolic rate, -calpain activity, and calpastatin activity all might be closely related to longissimus tenderness, and that faster glycolysis rates and higher endogenous enzyme activation were facilitated in the tender group. A dramatic decrease in -calpain activity appeared to occur within the first 24 h PM. 10) Since this indicates activation and subsequent loss of activity via autolysis, key myofibrillar and cytoskeletal proteins 16) can be expected to undergo degradation, but reduced -calpain activity in vitro does not necessarily translate into a dramatic reduction in -calpain activity in situ, 17) and calpaininduced proteolysis appeared to occur only to a limited extent at 1 d PM.
Findings with regard to the prediction of meat tenderness at early PM stages have been rather inconsistent. It has been reported that a continuous relationship exists between the rate of pH decline and beef tenderness, 18) and thus the majority of previous studies have employed the pH value at 3 h PM as a tenderness predictor. Some previous studies have reported either a curvilinear 4, 6) or a linear relationship 19) between the pH value at 3 h PM and longissimus tenderness, whereas others 7, 20) have reported no such relationship. Smulders et al. 5) have suggested that toughness can be expected when the pH at 3 h PM is below 5.9-6.3, whereas O'Halloran et al. 21) suggested that a 3-h PM pH level of 5.94 and a 6-h PM pH of 5.61 result in the most tender beef.
7-D tenderness classifications
In our tenderness classifications on the basis of shear force at 7 d PM (R 2 ¼ 0:89), our cluster analyses evidenced a more balanced distribution of samples in each group than was observed at 1 d PM (Table 4 ). The tender group had lower -calpain activity than the tough group at 1, 9, and 24 h, and the tough group exhibited the highest levels of calpastatin activity at 24 h (P < 0:05). Clear differences between the tender and tough groups were also detected with regard to pH (from 1 to 24 h) and R-values (from 3 to 24 h). The tender group consistently exhibited faster metabolic rates than the tough group. pH and R-values were highly significant at 9 h PM (P < 0:01). Conversely, no differences between the tender and intermediate groups with regard tocalpain and calpastatin activity were observed at any of the measurement times. With regard to metabolic rates, the tender group exhibited a faster metabolic rate than the intermediate group by pH at 1 h, and R-values at 3 and 9 h PM. The intermediate group also manifested faster metabolic rates than the tough group in R 258 at 9 h and pH at 3 and 9 h.
Differences in the tenderization rates of the tender and tough groups might be partially attributable to differences in the metabolic rate at early PM times, as well as -calpain and calpastatin activities. A rapid decline in pH coupled with high muscle temperature results in a synergistic early reduction effect on the levels ofcalpain and calpastatin, thus accelerating the proteolysis rate. This indicates that an early decrease in pH promotes the early activation of -calpain and the resulting tenderizing process, via its effects vis-à-vis early increases in intracellular calcium concentrations. Although temperature conditioning induced different phases of muscle temperature in early PM stages, we detected no differences in muscle temperature or mcalpain activity among groups. According to our results, muscle temperature alone does not adequately account for PM tenderization.
When clustering was conducted on the basis of 7-d PM MFI, the number of samples in the tough group increased (R 2 ¼ 0:91, Table 5 ). We detected no significant differences in calpain system activity, and the mean segregation among groups for significant traits was not as effective as in the tenderness classification by shear force at 7 d PM. The glycolytic rate results in the tender group evidenced a trend similar to that seen with metabolic rate among the groups, but we detected no significant differences between the intermediate and tender group in this regard.
14-D tenderness classifications
The means of -calpain activity, calpastatin activity, and metabolic rate of the three groups according to shear force at 14 d (R 2 ¼ 0:85) could be clearly differentiated during the PM period (Fig. 1) . The tough group exhibited considerably slower declines in pH values (Fig. 1A) , energy source breakdown (Fig. 1B) , and glycogen depletion (Fig. 1C) . The tough group also exhibited higher -calpain (Fig. 1D ) and calpastatin activities (Fig. 1E ) at 24 h PM than did the tender group. 
Means in a row within a trait lacking a common superscript differ (P < 0:05). These results indicate that the tough group, which was characterized by a slow metabolic rate and highcalpain and calpastatin activities, underwent little tenderization even during 14 d of storage. Although the tender group evidenced a slightly faster metabolic rate than the intermediate group, we noted no significant differences in any of the measurements during the entire PM course. According to the MFIs at 14 d PM (R 2 ¼ 0:83, Table 6 ), the tough group exhibited the slowest glycogen depletion at 9 and 24 h, and the tender group exhibited a faster energy source breakdown at 9 h PM than did the other groups.
On the basis of our results, the fast-glycolyzing group manifested generally improved longissimus tenderness at 1 d, and underwent a greater degree of tenderization than did the slow glycolysing group during PM storage. Shackelford et al. 22) reported that beef longissimus shear force at 1 or 2 d PM could be used to predict longissimus tenderness at 14 d PM with a relatively high degree of accuracy. When our cluster analyses were conducted, the results suggested that metabolic rates at 3 and 9 h PM were superior predictors of tenderization. In addition, the measurements taken at 9 h PM exhibited predictive ability superior to those taken in the early PM stages, in the case of -calpain and calpastatin activity assessments.
The levels of -calpain and calpastatin have been established as important factors in PM tenderization. 16) Furthermore, the high correlations between metabolic traits and the calpain/calpastatin system 10) underline the importance of the early PM metabolic rate. Our results confirm that early PM metabolic rate and the calpain/ calpastatin system are two of the most important factors with regard to beef longissimus tenderness and tenderization characteristics, but the tenderness of other major muscles does not appear to be closely correlated with longissimus tenderness. [23] [24] [25] Furthermore, broad variation has been noted both within and among major beef muscles with regard to tenderness and tenderness-related traits. 25) Hence factors predictive of longissimus tenderness are not necessarily applicable to the tenderness of other cuts. 22) Also, this enzyme system does not adequately explain the full spectrum of variations observed in the tenderization process.
25)
Conclusion
Three tenderness groups, classified by cluster analysis, exhibited differences with regard to PM metabolic rate, -calpain activity, and calpastatin activity throughout the PM course studied here. These factors were determined to be relevant to beef longissimus tenderness and tenderization. Hence control of early PM metabolic rates, via factors such as the chilling rate and the application of ES or ES coupled with the cooling rate, is an effective way to regulate calpain activation and PM calpain-mediated proteolysis and Hence to optimize the tenderization of beef longissimus muscle. e,f Means in a row within a trait lacking a common superscript differ (P < 0:05).
